We describe an experimental test of whether particle decay causes wave function collapse. The test uses interference between two well separated, but coherent, sources of vector mesons. The short-lived mesons decay before their wave functions can overlap, so any interference must involve identical final states. Unlike previous tests of nonlocality, the interference involves continuous variables, momentum and position. Interference can only occur if the wave function retains amplitudes for all possible decays. The interference can be studied through the transverse momentum spectrum of the reconstructed mesons. This system may be used for Bell's inequality like tests of localization.
The electromagnetic field at a distance b from a nucleus is a Lorentz-contracted pulse with a width b/γ where γ is the Lorentz boost. When γ ≫ 1, the electric and magnetic fields are perpendicular and the overall field may be represented as a stream of almost-real photons, with energies up tohγ/b [10] . The photon amplitude is proportional to E( x ′ , t ′ ). The scattering amplitude is obtained from data; only it's symmetries are important here. Absorption of the nascent ρ 0 is neglected, but could be included with an additional position-dependent variable, effectively modifying ρ(x, t ′ ).
At large distances, the propagator for a VM with mass m V and energy ω = M 2 V + | p| 2 may be modelled with a plane wave. Neglecting, for now, VM decays, P ( p, x, t ′ , r, t) = e i( p·( r− x)−ω(t−t ′ ))
The nuclear density is symmetric around the center of mass (origin), giving it positive parity, while the antisymmetric electric field has negative parity): ρ( x, t ′ ) = ρ(− x, t ′ ) and
With this, the range of integration in Eq. (1) can be restricted to a single nucleus:
The only differences between the two nuclei are the phases ±i p · x and between f ( p, − k) and f ( p, k). The latter is because the sign of p z reduces the symmetry of the system. Of course, interference is only significant when |f ( p, k)| ≈ |f ( p, − k)| which occurs near p z = 0.
The equation simplifies by defining x = b/2 + x ′ . The bulk of the cross section is from when the photon couples coherently to the target nucleus, i.e. when k · x ′ ≪h, so the exponential phase is constant over the nucleus. Then, the maximum transverse and longitudinal momenta areh/R A and γh/R A . Emitted photons are subject to similar limits [12] . Near p z = 0, the photon momentum, and the momentum exchange due to the scattering are very similar so it isn't possible to determine which nucleus emitted the photon, and which was the scatterer; in fact, at p = 0, the two momentum transfers are equal and opposite.
The electromagnetic pulse lasts a time, b/cγ, which may be slightly longer than one photon period (h/ω). This partial temporal incoherence will reduce the overall production amplitude. There is a pairwise cancellation between space-time volume elements d xdt ′ at positions x and − x, so the interference is not affected.
With this, p · x = p · b/2 and
We now introduce a few approximations. The amplitude for production from the first
and we define c to be the ratio of the amplitudes for production from the two nuclei:
The ratio f ( p, − k)/f ( p, k) does not vary significantly over the nucleus, so the single nucleus production amplitude factors out of the integral in Eq. (5). The transverse momenta do not affect c, and
The amplitude factorizes into a magnitude and an interference term. The p T dependence of
is dominated by the nuclear form factors, with the bulk of the production having
Most of the uncertainties discussed earlier do not affect the interference term.
The time and z variation in E( x, t ′ ) should be largely independent of k. In the soft Pomeron model, the photon to VM coupling increases slowly with k and has an almost constant phase.
At RHIC, a photon-meson term is also present, but the phase of c still changes only slowly
The interference is clearest when p z =0. Then c = 1 and the approximations introduced in defining c disappear. The amplitude is A T ( p, r, t) = 2iA 0 sin ( p · b/2). and the cross section is
This formula applies for stable particle emission, such as bremsstrahlung photon emission in e − e − [13] and pp collisions [14] .
For decaying particles, the situation is more interesting. A distant observer sees the decay products from the original meson. If the wave function contains amplitudes for every possible decay modes, at times t ≫ τ , the individual particles may be modelled as plane waves and the wave function is
where the decays occur at time t d and displacement
points. Of course, the two amplitudes can decay at different times. Here, Br j are the branching ratios to different final states, and Ψ j is the k−particle final state
Here x k , ω k and p k are the particle positions, energy, and momenta, and |Ψ jk > includes the particle types and angular distribution. The δ functions impose 4-momentum conservation.
The two source terms in Eq. (9) The interference pattern, Eq. (8) can be seen in the reconstructed VM p T [7] . Because b is not generally measurable, σ must be integrated over all b. Figure 2 shows the expected p T spectrum for ρ 0 production at mid-rapidity at RHIC [7] . The large dip for p T <h/ b is a distinctive experimental signature.
Alternately, at least in a gedanken experiment, position sensitive detectors could be used to localize the decay to a single nucleus, provided the ion trajectories are known. The decay J/ψ → e + e − produces two relatistic electrons that are back-to-back in the transverse plane. However, there is a broader issue. Most VM have many decay modes. For example, the J/ψ can decay to e + e − or π + π − π 0 , among many possibilities. The probability for any specific final state is small, less than 7%. If the decay occurs before the two amplitudes overlap, then either the wave function must retain amplitudes for all final states, or the two decays will produce different final states, and the interference must be small (at most).
Thus, the presence or absence of interference tests whether particle decay collapses the wave function. This same argument holds for the final state angular distributions. Also, as Eq. (9) shows, amplitudes for different decay times must also be included. The effect of 'fixing' the decay time before observing the system would be subtler, but might be detected with detailed studies.
Limits on the wave function collapse could be obtained by fitting the measured p T spectrum to a linear combination of coherent (interfering) and incoherent (non-interfering) spectra [15] as has been done for Φ → K 0 K 0 and Υ → BB [4] , albeit with discrete variables.
One possible source of decoherence is the decay timing. The VM are produced nearly at rest, but the decay products may be relativistic. The maximum flight time difference from the two sources to a detector is b/c. If the detectors could resolve this time difference, this could partially localize the production, reducing the coherence.
Since the probability of producing a VM in grazing collisions (b = 2R A ) is high, about 1%
at RHIC and 3% at the LHC [9] , multiple VM production is also observable. Multi-meson final states will exhibit more complicated entanglements, with possibly new behavior.
We have described a 2-source interferometer for short lived particles, and showed that it's description requires a non-local wave function. The observation of interference will clearly demonstrate that, after a decay, a systems' wave function includes amplitudes for all possible decay modes and angular distributions, and does not collapse to a specific decay mode until the wave function is externally observed. Measurements of this interference should be available soon. The STAR detector has observed exclusive ρ 0 production in gold collisions at RHIC [16] . Current data should provide higher statistics and an accurate ρ 0 p T spectrum, probing the EPR paradox for continuous variables. Plotted are dN/dp T , with and without interference. The curves are normalized to 1 for p T = 0 and no interference. The calculation assumes that the impact parameter is not measured, so the interference is washed out, except for p T < 25 MeV/c.
